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The Circadian Clock of Fruit Flies Is Blind
after Elimination of All Known Photoreceptors
In Drosophila melanogaster, the master clock control-
ling behavioral rhythmicity has been localized to a few
neurons called LNs, according to their position in the
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lateral central brain (review, Kaneko, 1998). A ventral*Zoologisches Institut
group of LNs (LNvs) has been characterized in detail. TheTierphysiologie
LNv cells contain the molecular clockwork, a circadianUniversita¨t Tu¨bingen
output factor, the neuropeptide PDF (pigment-dispers-Auf der Morgenstelle 28
ing factor; Helfrich-Fo¨rster, 1995; Renn et al., 1999;D-72076 Tu¨bingen
Helfrich-Fo¨rster et al., 2000; Park et al., 2000), as wellGermany
as the photopigment cryptochrome (CRY) (Emery et†Zoologisches Institut
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Drosophila CRY has recently been shown to act asUniversita¨t Regensburg
photopigment in a cell-autonomous manner (Emery etD-93040 Regensburg
al., 1998, 2000a, 2000b; Stanewsky et al., 1998; Egan etGermany
al., 1999; Ishikawa et al., 1999). Flies overexpressing‡Department of Biology
CRY are behaviorally hypersensitive to short light pulsesBrandeis University and
(Emery et al., 1998), whereas flies mutant in the cry geneNSF Center for Biological Timing
(cryb) are unable to phase shift their internal clock afterWaltham, Massachusetts 02454
such pulses (Stanewsky et al., 1998). Furthermore, they
remain rhythmic under intense constant light, a condi-
tion in which wild-type flies immediately become ar-Summary
rhythmic (Emery et al., 2000a). The defects in behavioral
circadian photosensitivity of cryb can be partially res-Circadian rhythms are entrained by light to follow the
cued by overexpressing cry1 only in the LNv cells (Emerydaily solar cycle. We show that Drosophila uses at
et al., 2000b). These results indicate that those neuronsleast three light input pathways for this entrainment:
are directly light responsive and thus contain all critical(1) cryptochrome, acting in the pacemaker cells them-
circadian elements: a photoreceptor, a central pace-selves, (2) the compound eyes, and (3) extraocular
maker, and a behavioral output system.photoreception, possibly involving an internal struc-
Nevertheless, CRY is not the only photopigment uti-ture known as the Hofbauer-Buchner eyelet, which is
lized for entrainment of behavioral rhythms to light-darklocated underneath the compound eye and projects
cycles. Despite the above described defects in circadianto the pacemaker center in the brain. Although influ-
photosensitivity, cryb flies can still entrain to LD cycles,encing the circadian system in different ways, each
and the molecular clock in the LNv is still entrainable ininput pathway appears capable of entraining circadian
the mutant genetic background (Stanewsky et al., 1998).rhythms at the molecular and behavioral level. This
Therefore, a CRY-independent light input pathway mustentrainment is completely abolished in glass60j cryb
exist that can entrain the LNvs. Possible candidates aredouble mutants, which lack all known external and
the compound eyes, the ocelli, and a pair of putativeinternal eye structures in addition to being devoid of
extraretinal eyes underneath the retina that project di-cryptochrome.
rectly toward the LNv (Hofbauer and Buchner, 1989; Ya-
suyama and Meinertzhagen, 1999). The latter struc-Introduction
ture is known as the Hofbauer-Buchner (H-B) eyelet. All
three types of these structures express opsin-based
Circadian clocks govern the timing of development, be- photopigments. Those substances are implicated in
havior, physiology, and biochemistry, as well as photo- behavioral entrainment, because eyeless and vitamin
periodic events. The oscillators underlying these rhythms A–depleted flies have a reduced circadian light sensi-
must be entrained to the 24 hr day of the earth in order tivity (Blaschke et al., 1996; Ohata et al., 1998). They are
to be reliable clocks. The daily light-dark (LD) cycle is unentrainable at very low light intensities, which is also
the most important Zeitgeber for synchronization. In true for mutants impaired in compound eye and ocelli
mammals specialized photoreceptor organs are neces- function (e.g., no receptor potential A, norpA, which
sary to transmit the light information to the master clock affects phospholipase C in the phototransduction cas-
in the brain and from there to peripheral clocks (Schibler, cade; Hu et al., 1978; Pearn et al., 1996).
2000), whereas in zebra fish and fruit flies autonomous Flies mutant for norpA and cry have synergistic effects
photosensitive clocks are present in a wide variety of on entrainment: norpAP41; cryb double mutants show ex-
peripheral tissues, and synchronized molecular oscilla- tremely poor entrainment (Stanewsky et al., 1998) and
tions can be observed in isolated organs (Emery et al., need many more days to adjust to a new phase of the
1997; Giebultowicz and Hege, 1997; Plautz et al., 1997; LD cycle than the single mutants alone (Emery et al.,
Giebultowicz et al., 2000; Whitmore et al., 2000). 2000b), again demonstrating that the compound eyes
(and possibly the ocelli) contribute to entrainment. Nev-
ertheless, even norpAP41; cryb flies can still entrain and§ To whom correspondence should be addressed (e-mail: ralf.
stanewsky@biologie.uni-regensburg.de). reentrain their circadian system. This suggests that the
Neuron
250
extraretinal H-B eyelets utilize a different phototransduc- flies. After 7 days of recording, the 12 hr:12 hr LD cycles
were phase delayed experimentally by 8 hr to judge thetion cascade or that there are other norpA- and cry-inde-
ability of the flies to reentrain to such a phase shiftpendent photoreceptors. In this respect, it is noteworthy
(Figure 1). After 14–19 days, flies were released intothat a second Drosophila gene encoding a different
constant conditions (constant darkness, DD, and con-phospholipase C is expressed in the brain and could
stant temperature).act in the signal transduction cascade of these cryptic
All controls and the single mutants (cryb and gl60j) en-photoreceptors (Shortridge et al., 1991). Alternatively,
trained and reentrained to the LD cycles (Table 1; Figurethe mutant CRYB protein might have some residual activ-
1). The activity of all flies was organized in pronouncedity (see Emery et al., 2000a, 2000b for discussion).
morning and evening peaks that occurred around “lightsTo distinguish between these possibilities, we tested
on” and “lights off”. In wild type, both peaks reentrainedthe double mutant glass60j cryb, which lacks all known
quickly after the 8 hr phase delay of the LD cycles. Inretinal eye structures as well as the H-B eyelet, in addi-
gl60j, the morning peak appeared less compact, was nottion to being at least severely depleted of CRY protein.
well entrained to the LD cycles, and took an average ofThe results show that this mutant type looses all ability
6 days to adapt to the new phase, whereas the eveningto adjust the circadian system to light. Thus, Drosophila
peak adapted rather quickly (Figure 1; Table 1). For cryb,utilizes at least three photoreceptors for entrainment:
in contrast, the evening peak required an average of 7CRY, the compound eyes, and possibly the heretofore
days to adjust to the new LD regime, whereas the morn-enigmatic H-B eyelet.
ing peak showed a rather fast resynchronization (at least
at 1000 lux, Table 1). It should be stressed that—Results
although both single mutants show entrainment de-
fects—both the cryb and gl60j single-mutant types en-glass Removes the Extraretinal H-B Eyelets
trained and reentrained well under the light intensitiesin Addition to All Other Eye Structures
applied here.The glass (gl) gene encodes a transcription factor neces-
In contrast, doubly mutant gl60j cryb flies did not entrainsary for the development of at least external photorecep-
at all, neither at 100 lux nor at 1000 lux. At 100 lux,tor cells (Moses et al., 1989). Flies homozygous for the
z70% of the flies exhibited free-running behaviorloss-of-function allele gl60j (Moses et al., 1989) are devoid
throughout the recording time, indicating that the circa-of the ocelli and all retinal photoreceptor cells plus the
dian clocks of these flies are not sensitive to light. Aprimary and secondary pigment cells in the compound
given individual was determined as free running if iteyes (Lindsley and Zimm, 1992). We found that gl60j in
showed significantly periodic behavior (determined sta-addition removes the H-B eyelets; 41 gl60j flies were
tistically as described in Experimental Procedures) andstained with the photoreceptor-specific antibody 24B10,
if such rhythmicity was not affected by the altered LDwhich labels the photoreceptor cell bodies and their
regime (Table 1; Figure 2).projections (Zipursky et al., 1984). In no case did we
To reveal optimally the behavior of all flies of a givenfind H-B eyelet cells or projections comparable to those
genotype, as influenced by the initial and new LD cycles,observed in wild type. Because gl60j alters the morphol-
average activity calculations based on 24 hr days wereogy of the optic lobes, we also checked whether the
performed. We expected the average activity of all fliesaccessory medulla and projection patterns of the LNvs to be distributed equally throughout most of the 24 hrare affected by performing stainings against the LNv- day if individual flies were free running and if the initialspecific neuropeptide PDF. All 20 gl60j animals tested
phases of their rhythms were widely variable. This was
showed the behaviorally important projections from the
indeed the case, with one exception: a small peak after
s-LNv to the region of the dorsal protocerebrum (Hel- lights off was revealed in the profile of the average day
frich-Fo¨rster, 1998; Kaneko and Hall, 2000). The only at 100 lux (Figure 2), meaning that some gl60j cryb flies
obvious gl60j effect was a reduction in the PDF-positive show increased activity directly after lights off. This be-
arborizations in the accessory medulla and the medulla havior was especially evident at 1000 lux: virtually all
itself, possibly a consequence of the missing synaptic flies reacted to lights off with a pronounced activity peak
input from the H-B cells and other photoreceptors. (Figure 2). Furthermore, at this light intensity the activity
These observations show that the structures involved level was generally lower during the light phase than
in the generation of circadian behavioral rhythms are not during the dark phase, as if darkness provoked and light
grossly altered in gl60j; in the main, retinal and extraretinal inhibited activity. In spite of this effect of the light-dark
photoreceptors and their projections are affected. Since transition on activity, a free-running circadian activity
norpAP41; cryb double mutants can entrain to LD cycles, component was present in 81% of the activity records
a combination of the gl60j mutant with cryb should reveal (Figure 2; Table 1), and after transfer into DD conditions,
whether extraretinal, norpA-independent photorecep- rhythmic locomotor behavior usually continued from this
tors contribute to light entrainment. free-running component and not from the lights-off peak
(Figure 2). The latter observation indicates that the
The glass cryptochrome Double Mutant Does Not lights-off activity bout is an effect of the altered environ-
Entrain to LD Cycles mental conditions on locomotion that bypasses the cir-
LD cycles are strong Zeitgebers, and a light intensity of cadian system; this phenomenon is referred to as
0.01 lux is sufficient for reliably entraining wild-type flies. “masking” (Mrosovsky, 1999).
In the present experiments, we used white light with In addition to their inability to entrain to LD cycles,
intensities of 100 lux and 1000 lux, which are about 104- z30% of the gl60j cryb double mutants showed poor
rhythmicity, even under LD conditions. At 100 lux, z20%and 105-fold above the threshold sensitivity of wild-type
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Figure 1. Reentrainment of Controls, cryb
and gl60j Mutants to an Eight Hour Phase Shift
of the LD Cycle
Typical actograms of individual flies are
shown at the top; average days and mean
phase plots of all flies for each mutant are at
the bottom. The LD cycles were experimen-
tally phase delayed by 8 hr on day 8, and the
flies were released into constant darkness on
day 18. Light intensity was 100 lux. The light
phases are indicated by shaded areas in the
actograms and by a white bar on top and
below the mean phase plots. The activity of
all flies was organized in pronounced morning
and evening peaks. This is especially evident
in the average days that depict the mean ac-
tivity profiles of all flies before and after the
phase shift. The average days after the phase
shift were calculated from the last 2 days of
the phase shifted LD and show that all flies
had reentrained at that time and had regained
a similar activity pattern as before the phase
shift. In the average phase plots, the mean
phases (6SD) of morning (open circles) and
evening peak maxima (closed circles) are
shown for 7 days before and 8 days after the
phase shift. Numbers in the right upper corner
indicate the number of tested flies. Controls
(y w) adapted quickly to the new phase of
the LD cycle; their morning peak achieved its
original phase relationship to the LD cycle
after 1.4 days, and the evening peak required
on average 1.9 days (Table 1). cryb flies took
significantly more days to reentrain, espe-
cially the evening peak, which required 6.8
days to reach its original phase. In gl60j flies,
the morning peak took longer to reentrain
than the evening peak. Additionally, gl60j flies
showed a larger variance in the phases of the
morning peaks between individual flies, and the morning peak was poorly entrained at the beginning of the experiment. Furthermore, gl60j
flies extended their activity into the dark phase of the LD cycle; consequently, morning and evening peaks had a larger phase angle (cm,e)
between each other (Figure 5).
of the double-mutant flies were arrhythmic; z10% period (per), timeless (tim), Clock (Clk), cycle (cyc), and
doubletime (dbt) (Young, 1998; Edery, 1999). In wild-showed a complex rhythmicity, characterized by several
small but significant peaks in the periodograms (Table type Drosophila, a prominent light-entrainable cycling
in PER and TIM immunoreactivity can be observed in1). This is in clear contrast to the behavior of the respec-
tive single mutants, both of which were thoroughly rhyth- all PER/TIM-containing cells including the LNs (Zerr et
al., 1990; Kaneko et al., 1997; Kaneko and Hall, 2000).mic under LD conditions. The activity pattern of gl60j cryb
flies can be explained by assuming that the cellular This cycling is abolished in the photoreceptor cells of
cryb, but not in the LNs, demonstrating that these behav-components of the pacemaking system are not tightly
coupled due to the lack of light entrainment (see below). iorally important neurons receive light input from
sources that are independent of CRY (Stanewsky et al.,The observed behavior is similar to previous findings
stemming from wild-type flies being kept under continu- 1998). To reveal the origin of this light input, we assessed
gl60j cryb and norpAP41; cryb double mutants for cycling ofous darkness throughout several generations and never
experiencing light-dark transitions (Dowse and Ringo, PER and TIM immunoreactivity. If the hypothesis stated
above—that the combination of gl60j and cryb causes1989). This deprivation might result in asynchrony be-
tween the single oscillatory components of the circadian circadian blindness—is valid, such flies should lack an
entrained cycling in PER/TIM immunoreactivity in thesystem and lead to a high proportion of arrhythmic or
weakly rhythmic flies. LN cells. Yet norpAP41; cryb flies, which are still entrain-
able by light (see Introduction), should have entrainable
PER/TIM rhythms in at least a subset of these circadianEntrainment of the Molecular Clock in the LNv Is
Impaired in gl60j cryb Double Mutants pacemaker neurons.
Anti-PER and anti-TIM stainings were performed onCircadian clock functions are based on an intracellu-
lar molecular pacemaker, consisting of transcriptional whole-mount preparations of adult brains from flies col-
lected during the night (ZT22) and during the day (ZT10).feedback loops (Dunlap, 1999; Hardin and Glossop,
1999). In Drosophila, at least five genes are necessary The technique maximizes one’s ability to identify the
different LN types and distinguish between the threeto generate the oscillations of the molecular pacemaker:
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Table 1. Reentrainment to a Phase Shift of Eight Hours of the LD 12:12 Cycle, Plus Activity Patterns and Period under LD and Following
DD Conditions
Percent (Re)Entrainment
Control cry b gl60j gl60j cryb
LD 100 lux 100 (16) 100 (22) 100 (23) 0 (49)
LD 1000 lux 100 (15) 100 (30) 100 (19) 0 (47)
Number of Transient Days Needed for Reentrainment (6SEM)
Control cry b gl60j gl60j cryb
m e m e m e m e
LD 100 lux 1.4 6 0.2 1.9 6 0.2 3.9 6 0.2 6.8 6 0.2 6.2 6 0.2 3.0 6 0.1 — —
LD 1000 lux 1.0 6 0.2 1.4 6 0.2 1.5 6 0.2 4.4 6 0.2 4.4 6 0.2 3.0 6 0.1 — —
Free-Running Period (6SEM)
Control cry b gl60j gl60j cry b
LD 100 lux — — — 24.0 6 0.1 (34)
LD 1000 lux — 24.1 (1) — 24.1 6 0.1d (38)
DD (both) 23.8 6 0.1 (29) 23.9 6 0.1 (40) 24.1 6 0.1 (31) 24.0 6 0.1 (53)
Percent Rhythmicity
Control cry b gl60j gl60j cry b
LD 100 lux
Rhythmic 100 (16) 100 (22) 100 (23) 69.4 (34)
Complex rhythmic 0 0 0 10.2a (5)
Arrhythmic 0 0 0 20.4 (10)
LD 1000 lux
Rhythmic 100 (15) 100 (30) 100 (19) 59.6b (28)
Complex rhythmic 0 0 0 40.4c (19)
Arrhythmic 0 0 0 0
DD (both)
Rhythmic 93.5 (29) 87.0 (40) 86.1 (31) 72.6 (53)
Complex rhythmic 3.2 (1) 0 0 5.5 (4)
Arrhythmic 3.2 (1) 13.0 (6) 13.9 (5) 21.9 (16)
“m” and “e” refers to “morning” and “evening” peak, respectively; the absolute numbers of tested flies are indicated in parentheses under
“Percent (Re)Entrainment”; accompanying the free-running period values, numbers of rhythmic flies are given that led to these mean period
values; for “Percent Rhythmicity” the absolute fly numbers are indicated in parenthesis.
a Complex rhythmic flies did not show an “entrained” or “masked” 24 hr component.
b Clearly rhythmic flies did either show a free-running component (40.4%, n 5 19) or a masked (24 hr) component (19.2% n 5 9).
c Complex rhythmic flies showed a free-running and a masked (24 hr) activity component.
d Period was calculated from the free-running component of rhythmic (n 5 19) and complex rhythmic flies (n 5 19).
subgroups of so-called dorsal neurons—PER- and TIM- addition, we show here that in cryb the amplitude of PER
cycling was strongly reduced in LNd and l-LNv cells;expressing cells in the dorsoposterior part of the fly
brain (DN1, DN2, and DN3; Figures 3B and 6; Kaneko, cycling was absent in the DN2s, whereas it remained
robust in the s-LNv and DN1 (Figures 3A and 3B). This1998). The LN cells are separated into a ventral group
of 4–5 small cells (s-LNv), 4–7 large cells (l-LNv), and a result suggests that light inputs independent of CRY
exist that entrain clock-gene cycling in the s-LNv andmore dorsal group of 5–8 cells (LNd) per hemisphere
(Kaneko, 1998; Figure 6). To quantify the staining signals DN1 cells and explains why cryb flies are still able to
entrain to LD cycles (Figures 1 and 2).a staining index (SI) was determined for each cell type
(except DN3). Doubly mutant norpAP41; cryb flies exhibited robust
cycling in the s-LNv and DN1 cells, whereas that in theIn gl1 cry1 (y w) controls, SI values were high at night;
no PER/TIM staining could be detected during the day l-LNv and the LNd was abolished (Figure 3A). This shows
that the eyes contribute to light entrainment of molecular(Figures 3A and 3B), reflecting rhythmic per/tim expres-
sion in wild-type brains (Zerr et al., 1990; Stanewsky et clock cycling in the latter cells and that, additional,
norpA- and cry-independent light inputs exist for en-al., 1998). norpAP41 and gl60j single mutants gave similar
results: staining was observed only during the night. trainment of the s-LNv and DN1 cells. Therefore, this
particular staining result nicely fits with the behavioralHowever, in gl60j the DN1 cells were not stained at all,
suggesting that in this mutant these neurons are missing data collected for this genotype—severe entrainment
problems, but not quite total blindness, in the circadianor do not express PER and TIM proteins (Figures 3A
and 3B). sense (Stanewsky et al., 1998; Emery et al., 2000b).
Given the behavioral results presented in the currentThe cryb mutation alone did not abolish intensity fluc-
tuations of PER/TIM immunoreactivity (confirming Sta- report, one expects that molecular cycling in the LNs
of gl60j cryb double-mutant brains would no longer benewsky et al., 1998) but led to an amplitude reduction
of PER/TIM cycling in the LNs (Figures 3A and 3B). In entrainable by light. In fact, we did not find any differ-
Circadian Photoreception in Drosophila
253
Figure 2. gl60j cryb Double Mutants Do Not Entrain to LD Cycles
Typical actograms of gl60j cryb double mutants that were subjected to an 8 hr phase shift of the LD cycle either at 100 lux (left panels) or at
1000 lux (right panels) are shown together with the average days calculated for all flies of both groups (number of tested flies are indicated
in right upper corners of the average days). Individual gl60j cryb double mutants showed variable phases at the beginning of the experiment,
and none of the flies entrained to the LD cycles. At 100 lux the first three flies free ran throughout the experiment. The fourth fly (lowest panel)
was weakly rhythmic at the beginning of the experiment but became arrhythmic afterwards. None of these four flies followed the 8 hr phase
shift of the LD cycle. But they reacted to the transitions from light to darkness and vice versa with a slight increase/decrease in activity level,
respectively, as can be seen in the average activity profile of all flies (arrows in the average day). This was very prominent at 1000 lux (arrows
in the actograms and in the average day). In addition to this “forced” increase and decrease of activity, free-running activity components
were visible in the first three actograms. These continued into subsequent DD conditions, whereas the “forced” effects on activity disappeared
immediately after transfer into DD. The latter was also true for the fourth fly, which showed no free-running activity component during LD and
was arrhythmic under the subsequent LD conditions. We interpret the forced activity as a direct effect of light/radiant energy on locomotion
that bypasses the circadian clock.
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Figure 3. Neuronal PER Cycling Is Absent in gl60j cryb Double Mutants
(A) Staining index (6SEM) determined for the different cell groups in control (y w) and mutant flies at two time points during a 12:12 hr LD
cycle. Zeitgeber time 22 (ZT 22) reflects peak and ZT 10 trough levels of PER immunoreactivity in control flies. The numbers of brain hemispheres
analyzed are indicated in the right upper corner of the diagrams (at ZT 22/ZT 10, respectively). Only in gl60j cryb PER cycling was abolished
in all neuronal cell groups.
(B) Representative images of whole-mount anti-PER stainings on brains prepared at ZT 22 and ZT 10. In y w and gl60j brains, staining was
detectable only at night, and the DN1s are not labeled (or are missing) in gl60j. In contrast, flies expressing cryb showed PER expression both
at night and during the day. d: LNd; lv: l-LNv; sv: s-LNv; arrows point to DN1, arrowheads to DN2. All genotypes were also stained with anti-
TIM and gave similar results (Figure 4, and data not shown).
ences in PER/TIM staining intensity in any LN or DN above), this was not the case for individual flies, the two
brain hemispheres within a given individual, or differentcell type of the double mutants at the two time points
investigated (Figures 3A and 3B). This demonstrates LN groups within one brain hemisphere. For example,
we found strong staining in a few cells and no stainingthat, in addition to the eyes, an internal photoreceptive
structure, which is removed by gl60j, contributes to the in the other cells within one group (Figure 4, upper
panel). One animal showed staining in two LN groupslight entrainment of clock neurons. As we found for the
double mutant’s activity rhythm (Figure 2), PER/TIM cy- in the right brain hemisphere, whereas there was no
staining at all in the left hemisphere of the same braincling seems to free run in gl60j cryb flies. Therefore, this
severely impaired type would display molecular rhythms (Figure 4, lower panel). This was never observed in flies
of any other genotype. To quantify this asynchrony, wethat are out of phase between individuals and therefore
not detectable in our assay. Additionally, the PER/TIM computed SI correlations between LNs in opposite brain
hemispheres within each individual (Table 2). We foundrhythms in individual cells of a given fly could be out of
phase. a strong correlation between the interhemispheric SIs
for all controls and singly mutant flies (correlation coeffi-
cient r < 1; Table 2), whereas the strength of correlationLoss of Entrainment Is Due to an Inter-
was drastically reduced for all cell types in gl60j cryb andand Intraindividual Asynchrony
of PER/TIM Oscillations for the LNd and l-LNv in norpAP41; cryb (r , 0.55; Table
2). An important exception involved the s-LNvs in theAlthough on average all neuronal cell types were PER
and TIM positive in gl60j cryb flies (except DN1, see norpAP41; cryb double mutants that are strongly corre-
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Figure 4. TIM Expression in gl60j cryb Is De-
synchronized between Different Cell Groups
and Brain Hemispheres in Individual Flies
Representative images of whole-mount anti-
TIM stainings on brains from gl60j cryb flies
sacrificed at ZT 22. In the upper panel s-LNvs
are labeled in both hemispheres; l-LNvs only
weakly on one side. Note that unequal num-
bers of s-LNvs show TIM expression on both
sides. In the lower panel, TIM expression is
restricted to LNs in the right hemisphere. Sim-
ilar results were obtained with anti-PER stain-
ings (Figure 3B, and data not shown). Cell
types are labeled as in Figure 3B.
lated (r 5 0.86). Once again, this points to a norpA- and this molecular desynchronization jibes with the reported
effect of several generations’ worth of DD conditions oncry-independent light input into these cells.
The low r values for the two double mutants indicate locomotor behavior (see above and Dowse and Ringo,
1989).that PER/TIM cycling is less synchronous in individual
cells and support our subjective observations that these
neurons cycle out of phase due to the absence of light
inputs from the eyes and via CRY. Although reduced— Constant Light Has No Influence on the Free-
Running Rhythm of gl60j cryb Double Mutantswith the exception of s-LNv in gl60j cryb and the l-LNv in
norpAP41; cryb—r values in the double mutants indicated In D. melanogaster, continuous dim light lengthens the
endogenous period of the locomotor activity rhythm (Ko-significant correlations (Table 2). Thus, individual LNs
are not cycling in complete asynchrony; and the appar- nopka et al., 1989). At higher light intensity, the molecular
cyclings described above are stopped (Zerr et al., 1990;ent absence of PER/TIM cycling in gl60j cryb flies seems
to be caused by an inter- and intraindividual asynchrony Price et al., 1995; Marrus et al., 1996), and the flies show
an arrhythmic activity pattern (Konopka et al., 1989; Em-during LD conditions.
The increased intraindividual asynchrony of PER/TIM ery et al., 2000a). cryb flies were found to be robustly
rhythmic under intense constant light conditions (LL)cycling in lateral brain neurons could explain the behav-
ioral arrhythmicity and complex rhythmicity observed in and did not even show a significant period lengthening
(Emery et al., 2000a). Under our constant light (LL) condi-some gl60j cryb flies under LD and DD conditions (Figures
1 and 2). If (by chance) molecular oscillations in the s-LNv tions (100 lux), cryb adults remained rhythmic (consistent
with Emery et al., 2000a) but showed a significant periodcells, which are among the most important neurons in
terms of controlling periodic locomotion, become com- lengthening, an increase in the activity level, and an
increase in the time span between morning and eveningpletely desynchronized, arrhythmic behavior would re-
sult. The degree of arrhythmicity should be independent locomotor activity peaks (Figure 5; supplementary ma-
terial, Table 1, [http://www.neuron.org/cgi/content/full/of the light conditions (LD, DD, or LL), which is what we
observe (Figures 1, 2, and 5, see below). Furthermore, 30/1/249/DC1]). These results are consistent with the
Table 2. Correlation of Anti-PER Staining Indices between the Left and Right Brain Hemispheres
Correlation r (p)
LNd l-LNv s-LNv
Control 0.99 (,0.0001) 0.95 (,0.0001) 0.86 (,0.0001)
norpAP41 0.93 (,0.0001) 0.91 (,0.0001) 0.86 (,0.0001)
gl 60j 0.94 (,0.0001) 0.81 (,0.0001) 0.69 (,0.0001)
cry b 0.69 (,0.0001) 0.60 (,0.0001) 0.87 (,0.0001)
norpAP41; cry b 0.50 (0.004) 0.24 (0.23) 0.86 (,0.0001)
gl 60j cry b 0.45 (0.002) 0.54 (50.0001) 0.35 (0.014)
Staining indices of the left and right brain hemisphere of individual flies were correlated to each other as described in Experimental Procedures.
The correlation coefficient (r) is listed for each LN cell type and genotype. In parentheses, the p value indicates the significance of the
correlation. Staining in all cell- and genotypes was significantly correlated between the two brain hemispheres, except in s-LNv of gl 60j cry b
and in the l-LNv of norpAP41; cry b (p 5 0.01).
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view that cryb flies are not completely blind in the circa- The Advantage of Using Multiple Photoreceptors
How Drosophila’s multiple photoreceptors might inter-dian sense.
In the absence of CRY plus all external and internal act remains a mystery but is likely related to the task,
faced by many organisms, of extracting time-of-day in-eye structures, we did not observe any effect of LL on
the circadian system: gl60j cryb double mutants showed formation from dawn and dusk (Roenneberg and Foster,
1997). During natural twilight, the quality of light changesneither period changes nor any increase in activity level
or intervals between morning and evening peaks after in three important respects: the amount of light, its spec-
tral composition, and the direction of incoming light (i.e.,transfer from DD into LL conditions or vice versa (Figure 5;
supplementary material, Table 1 [http://www.neuron.org/ the position of the sun). These photic parameters all
change in a systematic way at twilight times [“Heavenlycgi/content/full/30/1/249/DC1]). This further demonstrates
that gl60j cryb double mutants are circadian blind. shades of night are falling, it’s twilight time” (The Plat-
ters, 1958)]; all could be used by the circadian system
throughout times of changing photic conditions at dawnDiscussion
and dusk, thus forming a versatile input system that
subserves daily adjustments of the rhythm’s pace. UsingExtraocular photoreception is involved in the circadian
different rhodopsins in addition to CRY permits the flysystems of many organisms, but in most of them the
to scan all the way from the UV into the red.structures and molecules involved are unknown or
Our observation that the different pathways have atbarely characterized. The present study demonstrates
least some overlapping cellular targets provides a firstthat nonretinal photoreceptors are involved in entrain-
hint about how the fly’s different photoreceptors com-ment of Drosophila’s circadian clock: fruit flies utilize at
municate: PER cycling in the s-LNv brain cells can beleast a tripartite light-input pathway, one of them makes
synchronized (via CRY) in the absence of all external anduse of cryptochrome; a second pathway acts through
internal eye structures (in the glass mutant). Similarly, innorpA-dependent photoreceptors in the compound
the absence of CRY and functional external eyes (ineyes (perhaps also the ocelli); and a third one, which
the norpAP41 cryb double mutant), the same neurons areacts independently of norpA and cry gene functions,
synchronized by extraretinal photoreceptors (Figures 3seems likely to involve the extraretinal Hofbauer-Buch-
and 6). Such multiple input aimed at a single cell typener eyelets or other extraocular photoreceptors located
would allow the organism to integrate the incoming light.in the brain (Figure 6).
These separate clock-input pathways influence the
circadian system in different ways: light input through
What Eye Structures Contribute to Entrainment?CRY mainly entrains the evening peak of behavioral ac-
Among the multiple photoreceptors that could contrib-tivity. Retinal and extraretinal eye structures predomi-
ute to circadian photoreception in Drosophila, the con-nantly synchronize the morning peak of activity. In spite
tributions of the external eyes and of CRY function haveof their different effects on behavioral rhythmicity, each
been demonstrated with the help of the norpAP41 cryblight-input pathway alone seems capable of entraining
doubly mutant flies that show entrainment defects,the locomotor rhythm in a rather normal manner when
which are much more severe than those exhibited bythe other one is impaired. Only when all three input
either mutant alone (Stanewsky et al., 1998; Emery etroutes—those subserved by CRY, the compound eyes/
al., 2000b).ocelli, and extraretinal eye structures—are absent is the
Nevertheless, this double-mutant type is not com-circadian system of the fly unable to respond to light.
pletely blind in the circadian sense, compared with theWe demonstrate that this is so at the cellular and at
effects of the gl60j cryb combination revealed in this study.the behavioral level, thus revealing that fruit flies use
Most norpAP41 cryb individuals are still able to entrain tomultiple light-input pathways for adapting their circa-
LD cycles (Stanewsky et al., 1998; Emery et al., 2000b).dian clock to the cyclic environmental LD changes. Inter-
There are at least two possible explanations for theseestingly, similar findings have recently been described
findings: cryb is not a loss-of-function mutation (indeed,for mice, for which depletion of retinal photoreceptors
this is a missense mutant; Stanewsky et al., 1998), orand cryptochromes resulted in almost complete circa-
dian blindness (Selby et al., 2000). other norpA-independent photoreceptors feed into the
Figure 5. Constant Light Alters the Pattern of the Activity Rhythm in Controls and Single Mutants but Not in gl60j cryb Double Mutants
Actograms, average days plus mean activity levels, phase angles (cm,e), and periods of flies recorded consecutively under LD cycles, constant
darkness (DD), and constant light (LL) at 100 lux are depicted. Data were compiled from two different experiments: about half of the animals
were transferred from LD to DD and then to LL; the other half were transferred from LD to LL and then to DD (analysis of both experiments is
in supplementary material, Table 1 [http://www.neuron.org/cgi/content/full/30/1/249/DC1]). The flies whose actograms are shown experienced
both transfers (from DD to LL and from LL to DD). Average days, mean activity levels, phase angles, and periods after the second transfer
were not included in the tabulations to exclude age effects. All control and most gl60j flies became arrhythmic under LL conditions, whereas
cryb and double-mutant gl60j cryb flies remained rhythmic. Like control flies, cryb ones showed a significantly higher activity level under LL
compared with DD (paired t test, p , 0.0001). Period and cm,e values were significantly larger in LL than in DD for cryb flies, and in the few
gl60j flies that were rhythmic under LL (paired t test, p , 0.0001); arrows in the average days point to the calculated means of maxima of
morning and evening peaks. In the gl60j cryb double mutant, the activity profile (visible in the actogram and in the average days), the activity
level, cm,e, and the period were similar throughout the experiment and thus independent from the light conditions (paired t test, p . 0.175).
The average days were calculated on the basis of the free-running periods of the individual flies (see Experimental Procedures) and not on
a 24 hr basis as in the case of flies subjected to LD cycles (e.g., Figure 1).
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Figure 6. Cellular Targets of the Multiple Light-Input Pathways Utilized by Drosophila’s Circadian System
A frontal view of the fly’s adults brain is shown with the per/tim-expressing dorsal neurons (DN1 and DN2) in blue and the lateral neurons
(LNd, I-LNv, and s-LNv) in red. The projections of these neurons are indicated in the right hemisphere, whereby the arrows represent neurites
whose exact terminal endings are not yet identified (Kaneko and Hall, 2000). The right hemisphere shows the light-input pathways through
retinal and extraretinal eye structures; the ocelli, the compound eyes, and the Hofbauer-Buchner eyelet (H-B eyelet). In the left brain hemisphere,
the light inputs to the DN1s and LNs via cellular photopigments are depicted. Question marks indicate places where either the function of
cells as photoreceptors is not clear or the pathways toward the per/tim-expressing cells are not yet identified. The gray bars represent
interruptions of pathways by the individual mutations specified. In norpAP41; cryb all known photoreceptive structures are impaired, except
the H-B eyelet. In the gl60j cryb mutant, all indicated light-input pathways are out of function and consequently these mutants are blind in the
circadian sense.
clock. The fact that we were able to generate flies that have photoreceptive properties like those exhibited by
the H-B eyelets.are totally circadian blind favors the second hypothesis.
The H-B eyelets send their projections directly to the
accessory medulla (Hofbauer and Buchner, 1989) and
are therefore anatomically well suited to transmit light Entrainment versus Masking
In spite of the inability of the gl60j cryb double mutant tosignals to the LNv pacemaker cells (Figure 6). The fact
that, in the absence of CRY, PER cycling in the s-LNv entrain to LD cycles, the behavior of such flies was still
modified by the altered environmental conditions. Wecells is nicely entrained also favors this hypothesis. The
H-B eyelets express the photopigment Rhodopsin 6 and interpreted this modulation of the activity level as direct
effects of light/radiant energy on locomotion that by-thus seem to have photoreceptive properties (Yasuyama
and Meinertzhagen, 1999). The input pathway via Rho- passed the circadian system.
Light-related energy often exerts such direct (or mask-dopsin 6 might utilize the fly’s norpA-independent phos-
pholipase C (which is expressed in many neurons; ing) effects on physiological parameters, including be-
havior (e.g., Erkert and Gro¨ber, 1986). There are severalShortridge et al., 1991) in its phototransduction cascade.
Further candidates for circadian photoreceptors (re- possibilities to distinguish real entrainment from mask-
ing: (1) after a phase shift of the LD cycle, the circadianvealed in this study) are the clock-gene-expressing dor-
sal neurons called DN1 cells. Like the photoreceptor rhythm often takes several transient cycles to reentrain
to the new LD regime, whereas masking follows the newcells of the compound eyes, the ocelli and the H-B eye-
lets, the DN1s appear to be eliminated by the gl60j muta- light schedule immediately (in Drosophila, transients can
be observed at very low light intensities or in photore-tion. Similar to the H-B eyelets, the DN1s send axonal
projections toward the LNvs (Kaneko and Hall, 2000; ceptor mutants like cryb; Figure 1); (2) after transfer into
constant darkness, masking disappears immediately,Figure 6) and could entrain the latter through this ana-
tomical pathway. Furthermore, disconnected mutant whereas an entrained rhythm starts to free run from
the phase it had established in LD; and (3) masking isflies, which largely lack the LNv but not the DN1 cells,
are able to entrain to LD cycles (Zerr et al., 1990; Hardin independent of a functional circadian clock—for exam-
ple, it occurs in animals deprived of their clock, suchet al., 1992; Helfrich-Fo¨rster, 1998). However, it is not
known whether the DN1s express a photopigment or as squirrel monkeys suffering from lesions of their supra-
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neutral density filters. The phases of morning and evening peakschiasmatic nucleus (Moore-Ede et al., 1982) or arrhyth-
were determined as described previously (Helfrich-Fo¨rster, 2000).mic per0 mutants of Drosophila (Wheeler et al., 1993).
Phase values are given in Zeitgeber time (ZT); the beginning of aIn glass60j cryb, prominent masking was observed at
12:12 LD cycle (lights on) is ZT 0, and lights off is ZT 12. To illustrate
the highest light intensities we employed (1000 lux). The the gradual phase shifts of morning and evening peaks after a 8 hr
sudden increase of the activity level after lights off and phase delay of the LD cycles, average phase plots that show means
of morning and evening peaks (6SD) of all flies for 7 days beforethe suppression of activity during the light phase of the
and 8 days after the phase shift were used (Emery et al., 2000b).LD cycle did not show any transients after the 8 hr
To compare the activity pattern of the flies in LD, average days werephase shift. Furthermore, this apparently forced activity
calculated and plotted as described in Helfrich-Fo¨rster (2000). Fordisappeared immediately after transfer into DD and was
determination of average days under free-running conditions, and
independent of a functional clock, owing to its presence for gl60j cryb in LD, each actogram was first plotted on the basis of
in these doubly mutant flies, which exhibited apparent the fly’s individual period; then an average day was calculated for
each fly that was subsequently normalized by interpolation to arhythmicity in constant darkness (Figure 2). Moreover,
period of 24 hr (using the program Techplot written by Ralph Dittrich,no entrained cycling of clock protein levels was ob-
Braunschweig, Germany). These normalized individual average daysserved in these glass60j cryb flies, demonstrating that the
were used to calculate an average day of all flies of a given genotype.forced behavior is neither the consequence of molecular
clock gene cyclings nor a nonphotic Zeitgeber that could
Immunohistochemistryinfluence the circadian clock.
Prior to collection at ZT 10 and ZT 22, male flies were entrained for
In summary, we have shown that the circadian blind- at least 3 days under 12:12 hr LD conditions (light intensity 1000
ness of flies expressing both glass and cryptochrome lux). Anti-PER and anti-TIM staining (using a rabbit anti-PER serum,
diluted 1:10000, and a rat anti-TIM serum, diluted 1:4000; Kanekomutations is due to elimination of all photoreceptor cells
et al., 1997; Stanewsky et al., 1997b) on whole-mounted adult brainsthat participate in entraining the circadian system. Simi-
was performed as in Kaneko et al. (1997), except that flies werelar complex light entrainment pathways may also exist
fixed as described in Stanewsky et al. (1997b). Scoring of stainingin vertebrates. Interestingly, cryptochromes, certain op-
intensities was performed blind by two observers independently (for
sins located in the retina, and standard photoreceptor each cell of a given neuronal cluster), using an arbitrary scale (rang-
cells are candidates for participating in the circadian ing in increments of 1 from 0 [no staining] to 4 [strongest staining]
for individual brain hemispheres [Zerr et al., 1990]). Data obtainedphotoreception of mammals (Foster, 1998; Hall, 2000;
by the two observers were pooled for all further analyses. To deter-Sancar, 2000; Selby et al., 2000). Thus, rather than hav-
mine an intensity average for a given lateral neuronal cluster in aing an exclusive photopigment for entrainment of circa-
brain hemisphere, staining intensities of all cells (which could varydian rhythms, the situation in mammals could be similar
within a given cluster) were added and divided by the total number
to that in Drosophila (Hall, 2000): multiple photorecep- of stained cells, which was counted for each cell type.
tors share the workload involved in transmitting the prin- A staining index (SI) was calculated by multiplying the number of
stained cells with the average staining intensity for each cell typeciple environmental Zeitgeber to the circadian clock.
and brain hemisphere. The average SI was normalized against the
maximum number of stained cells for each cell type in a givenExperimental Procedures
genotype and then plotted (Figure 3A). Maximum cell numbers for
each cell cluster were as follows—LNd: 6 (y w and cryb), 7 (gl60j crybFly Strains
and norpAP41; cryb), 8 (gl60j and norpAP41); l-LNv: 5 (norpAP41), 6 (crybAll strains used carried an X chromosome marked with y w [y Df(1)w;
and gl60j cryb), 7 (y w, gl60j, and norpAP41; cryb); s-LNv: 4 (norpAP41;Lindsley and Zimm, 1992] resulting in white eye color and yellow
cryb), 5 (all other genotypes); DN1: 8 (norpAP41), 7 (cryb and norpAP41;body color. The cryb mutant is described in Stanewsky et al. (1998)
cryb), 6 (y w), 0 (gl60j and gl60j cryb); DN2: 2 (all genotypes).and gl60j in Lindsley and Zimm (1992). Both cry and gl map to the
The correlation between staining of a given cell type in the left andright arm on chromosome 3; cry is located at map position 67.9
right hemisphere was calculated by applying the CORRELATION(Stanewsky et al., 1998), whereas gl maps to 63.1 (Lindsley and
function (Microsoft Excel) to the SI values for the different LN typesZimm, 1992). To obtain recombinants, we crossed flies carrying
for the left and right hemisphere of each individual. For this, onlyspineless1 (ss, chromosome 3, 58.5) and cryb to gl60j mutants. In
brains with two intact brain halves were included in the analysis,addition, both mutant strains carried a period-luciferase transgene
from flies collected at ZT 10 and ZT 22. SI pairs for the different(BG-luc60; Stanewsky et al., 1998) on the X chromosome in order
genotypes were: n 5 18 (y w); n 5 39 (cryb); n 5 32 (gl60j); n 5 46to score the cryb phenotype (per-luc expression becomes arrhythmic
(gl60j cryb); n 5 31 (norpAP41; cryb), n 5 44 (norpAP41). The resultingin a cryb mutant background; Stanewsky et al., 1998). Progeny from
correlation coefficients (r) along with their significance values (p 5200 crosses were visually inspected for gl60j and ss1. Lines carrying
0.01) are in Table 2.only ss1 were discarded, whereas all gl60j lines were tested for per-luc
Images shown in Figures 3B and 4 were generated after eachexpression in a Packard-Topcount Multiplate Scintillation Counter
whole mount was photographed at different focal plains. The re-(Stanewsky et al., 1997a). Four lines exhibited arrhythmic per-luc
sulting images were scanned and combined in a composite figureexpression (data not shown), indicating a recombination event be-
(Adobe Photoshop) to show all the labeled cells in one picture.tween gl60j and cryb (the recombination frequency was 4%). Before
To test for the presence of the H-B-eyelets, gl60j flies were dis-the gl60j cryb double mutants were analyzed behaviorally and immu-
sected, fixed for 3 hr in ice-cold 4% paraformaldehyde, and storednohistochemically, the BG-luc60 transgene was replaced by the y
over night in 25% sucrose. Horizontal cryostat sections were stainedDf(1)w chromosome to rule out any potential behavioral effects of
for photoreceptor cells using the monoclonal anti-chaoptin antibodythe transgene and to avoid detection of transgene encoded PER
24B10 (Zipursky et al., 1984), which labels the H-B eyelets.sequences.
To reveal the arborization pattern of the LNv, gl60j brains wereFlies were raised at 258C in 12 hr:12 hr light-dark (LD) cycles on
double stained as whole mounts with anti-chaoptin and anti-PDHmedium containing yeast, cornmeal, soymeal, sugar, molasses, and
as in Helfrich-Fo¨rster et al. (2000).0.3% Nipagin as a mold inhibitor.
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